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Trans-fats are associated with increased risk of various health outcomes including certain 
cancers, cardiovascular disease, diabetes, hypertension, and obesity. As a result, public outcry and 
political changes led to FDA regulatory changes to remove all partially hydrogenated oils (PHOs), 
which contain trans fats, from all processed food items by June 2018, in efforts to remove trans-
fat consumption entirely. Trends to reduce saturated and trans-fat intake are affecting the global 
food market, and there is a high demand for novel alternatives for functional “solid” lipids to use 
in food products, while providing a nutritional benefit.   
The overall goal of this research was to develop oleogels to serve as a replacement for 
trans-fat or high saturated fat containing vegetable shortenings in flaky pastry applications.  The 
technology of high intensity ultrasound (HIU) was utilized on oleogels formed with rice bran wax 
(RBX) to alter the structure of the crystalline network. The main objective of this study was to 
investigate the influence of HIU on the structure and stability of rice bran wax oleogels (RBXO) 
and its effect on the physical properties of pie crust, including flakiness, to provide an effective 
alternative for lipid systems with trans-fat and/or high saturated fat content.  
Incorporation of 5 % (w/w) RBX into canola oil (CO) resulted in self-standing oleogels. 
HIU was applied for 1 and 2.5 minutes at the crystallization temperature of 65oC. Oleogel 
characteristics were analyzed using Differential Scanning Calorimetry (DSC), X-ray Diffraction 
(XRD), and oil binding capacity technique.  Pie crust doughs were prepared with commercial 
shortening (CS) and RBXO with and without HIU treatments. Physical dimensional changes were 
analyzed using calipers. Texture analysis was conducted using a three-point bend technique.  
HIU treatment had an overall effect in crystal structure formation based on the results of 




increase in b¢ polymorphism content within the crystal network, according to XRD and DSC 
results. The configuration of the structure did not change, yet it could be inferred that HIU 
increases the b¢ concentration, improving the overall functionality of RBXO. This can be 
confirmed in the oil binding capacity test where HIU treated RBXO were able to reduce overall 
phase separation compared to RBXO without HIU treatment.   
 Pie crusts are highly dependent on the type of lipid used and the method in which they are 
prepared. HIU treated oleogels increased air cell density and overall lift. Pie crusts made with 1 
minute HIU RBXO resulted in the most similar product to those made with CS. Both HIU 
treatments (1 minute and 2 minute HIU) showed significantly similar force and work to break a 
pie crust, indicating similar amounts of flakiness in the final product. Further subjective data must 
be collected, such as consumer testing and descriptive sensory testing, in order to evaluate the 
changes occurring in pie crusts when using RBXO with and without HIU treatments in comparison 
to CS made pie crusts.  
Further investigation is needed to understand the particular type of structural changes 
occurring when HIU is applied to oleogels and food applications, including pie crusts.  There is 
great potential to apply oleogels in food products to reduce consumption of highly saturated and 
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Chapter 1: Introduction 
  
Lipids are major constituents in foods and play a vital role providing nutritional and 
functional properties to food products. Lipids usually refer to fats and oils: fats are materials that 
are solid at ambient temperatures, while oils are liquid at ambient temperatures (Bailey 1951). 
Shortenings are a commonly used fat in the food industry for their desirable functional properties 
in foods (Martini 2013). Shortenings are tailored fat systems that are synthesized to optimally 
lubricate, weaken or shorten structure of food components to meet expected traits in food (Ghorta, 
Dyal, & Narine 2002). In the 19th century, animal fats, including lard, were the first lipids used as 
shortenings in food production. High saturated fatty acid and cholesterol contents of these lipids 
led to many health concerns, thus the use of animal fats declined (Martini 2013). The North 
American food industry gradually reduced and/or replaced the use of animal fats with other sources 
of lipids, such as vegetable oils. Due to the liquid nature of oils at room temperature, vegetable 
oils lacked the ability to provide desirable physical properties in food products that solid fat 
provided. Due to this limitations, various processing techniques have been developed and utilized, 
including hydrogenation, fractionation, interesterification, and blending of different oils (Martini 
2013). An important technique that transformed the North American food industry was partial 
hydrogenation, which was introduced with Crisco™ in 1911, to improve the functional properties 
of vegetable oils (Mattil 1964).  
 More recently, research indicated a strong correlation between coronary heart disease and 
trans-isomers generated from hydrogenation (Puri 1978; Izadifar 2005). For decades, the food 
industry has been searching for trans-fat alternatives that have similar desirable functional 





oils, such as palm oil, interesterification, structured emulsions, fractionation, and oleogelation 
(Mason, Vercet, & Lopez-Buesa 2005). Researchers are still devoted to developing new techniques 
and methods to further improve functional and nutritional qualities of vegetable oils.  
Oleogels, also termed organogels, have most commonly been used in cosmetics and 
pharmaceuticals due to their specific consistency and firmness, with little or no chemical 
modifications. Currently, there are only a limited number of studies on the utilization of oleogels 
in food (Zetzel 2012; Botega 2013; Stortz 2013; Doan, Van de Walle, Dewettinck, & Patel 2015). 
Oleogels have been applied in various processed food products such as: ice cream, to improve 
overall aeration stability; chocolate to reduce fat bloom and increase heat resistance; and 
comminuted meat products, to provide emulsion stability and to replace saturated fats. Jang and 
others (2015) used candelilla wax oleogels as a shortening alternative in cookies.  Currently, there 
is still a lack of utilization of promising oleogels in food products and much more research needs 
to be conducted in order to optimize the functionality of oleogels in food products.  
 There are strong correlations between functional properties sought after in hard stock fats, 
such as plasticity, high melting temperatures, stability, and ideal mouthfeel, and crystal properties, 
such as polymorphism, the network of crystal structure, and shape and size of crystals. It is 
important to control lipid crystallization to achieve desirable properties.   
 Recently, high intensity ultrasound (HIU) has gained considerable attention for its ability 
to use acoustic waves at low frequencies (20 to 100 kHz) and high power (10 to 10,000 W cm-2) 
levels to control the nucleation and crystallization of lipid systems (Higaki, Ueno, Koyano, & Sato 
2003; Patrick 2004). Many studies show significant effect of HIU on food products to change the 





manipulated the crystallization process of lactose during the nucleation phase. Chow (2005) used 
HIU to modify the primary and secondary nucleation of ice and sucrose in ice cream.  
In the baking industry, lipids play a crucial role in products, including tenderization, 
mouthfeel, structural integrity, lubrication, air incorporation, heat transfer, and shelf life extension 
(Mamat, H.H., 2014; Jang 2015; Macias-Rodriguez, B.M, 2016). Plastic shortenings, often made 
with partially hydrogenated shortenings, are commonly used in the baking industry (Hernandez-
Reyes 2007). Flaky pastries, including puff pastry, croissants, and pie crusts, utilize the highest 
ratios of lipids to flour (Simovic, Pajin, Seres, & Filipovic 2009). The reformulations to remove 
trans-fat from commercialized products pushes many of the affected pastry industries to seek lipid 
solutions to uphold functional properties to meet consumer expectations and provide nutritional 
benefits.  
Although there are many supportive studies of HIU controlling crystallization of lipids, 
there is still a lack of research performed on the effect of HIU in polymorphism and structural 
changes that occur in lipid systems, especially in oleogels. There is a high demand to improve 
novel lipid technologies in scientific and commercial fields. HIU could provide a practical solution 
for oleogels, which are not yet suitable to be commercialized yet because it does not provide all 
the optimal functional properties. Many studies have been conducted on the cooling and shear rates 
on oleogels, yet HIU has yet to be fully understood in oleogels, where a large proportion of the 
material is liquid (Wassell 2014; Mert 2015). The purpose of this study was to understand the 
effects of HIU on the crystal structure and matrix in rice bran wax oleogel solutions as well as the 
effect of HIU on oleogels in pie crust, which is a product that is highly effected by the type of lipid 
utilized. The hypothesis was that the application of HIU treatment on RBX oleogels would 
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Chapter 2: Literature Review 
 
2.1  Introduction 
The literature review will provide an overview of the recent trends in solutions towards lipid 
structuring. Oleogels, a novel technology, will be introduced and discussed as a material and in 
food applications.  
2.2 Food Lipid Chemistry 
Food systems use a variety of lipid forms ranging from liquid oils to plastic solid fats. Fats 
and oils are generally mixtures of triglyceride (TAG) molecules, which are comprised of a glycerol 
backbone and three fatty acids. Fatty acids can be classified into three major categories: saturated, 
monounsaturated (cis or trans), and polyunsaturated fats (Davidovich-Pinhas, Barbut, & 
Marangoni 2016). Unsaturation leads to lower melting points, which imparts liquid-like behavior 
at room temperature, usually referred to as oil. High levels of saturation generally produce a 
material with a higher melting temperature, leading to solid-like behavior at room temperature. 
This material is mainly referred to as fat.  Solid fats are self-assembled into lamellar crystal 
structures, called crystalline nanoplatelets (CNPs) and are responsible for the properties of the final 
fat structure (Marangoni 2012). Crystallization of TAGs are formed in three types of 
polymorphism: alpha (a), beta-prime (b¢), and beta (b). The polymorphism of TAGs has a 
significant impact on the functionality of the resulting lipid. a-form, which is the least organized 
crystal structure compared to the other forms, exhibits a hexagonal crystalline form and is 
characterized by low-density structure. This results in a lower melting point. Figure 2.1 shows the 
structure, which can be characterized by a single diffraction peak (d = 0.415 nm) using X-ray 





is more stable than the a-form, yet less stable than the b-form. It is commonly characterized by 
two strong diffraction peaks (d = 0.420 nm and 0.380 nm), associated with the orthorhombic 
perpendicular configuration. b¢ is commonly known to provide desirable characteristics to 
vegetable oil shortening. On the other hand, chocolate is most optimal in b form, which provides 
its characteristic properties. The beta form is the most stable of the three. It is characterized with a 
strong diffraction peak (d = 0.460 nm), representing the triclinic unit cell and sub cell.  
 
Figure 2.1 Schematic representation of the molecular arrangement in the different 
triglyceride polymorphs (top) and of the resulting XRD patterns (Akoh 2017).   
 
2.3 Health Impacts 
In recent years, trans-fat and high saturated fat have developed a poor reputation in the 
food industry due to their correlated negative health effects, including destructive metabolic 
syndrome and increased risk of cardiovascular disease (Mozaffarian 2006).  Governments around 
the world are pushing legislation to limit and, in some places ban, the use of added trans-fats 
(Davidovich-Pinhas 2016). The World Health Organization recommended reducing saturated fat 
consumption and increasing unsaturated fat consumption (World Health Organization 2004). In 
2013, the FDA (2016) decided that partially hydrogenated oils (PHOs) were no longer generally 





partially hydrogenated oils from processed foods by June 2018 (FDA 2015). In the food industry, 
trans and saturated fats play a major role in texture, mouthfeel and overall taste; simply replacing 
trans and saturated fats with unsaturated oils would raise a significant technical challenge. Thus, 
novel techniques must be employed.  
2.4 Lipid Modifications 
Fats can be manipulated to be made more functional and desirable in terms of sensory and 
textural attributes for the food industry. The most commonly used, and also the most criticized 
method is partial hydrogenation of unsaturated fatty acids (Mozaffarian 2006; Teegala, Willett, & 
Mozaffarian 2009).  The purpose of generating PHOs is to optimize the molecular structure for 
industrial functionality by improving the shelf life, functionality, stability, flavor, and desirable 
sensory characteristics (O'Brien 2004). This reaction produces trans-fatty acids, which provide the 
textural benefits of saturated fats in food systems. PHOs are the primary dietary source of artificial 
trans-fat in processed foods. Trans-fat has been well documented to pose health risks, due to its 
tendency to increase the “bad” LDL-cholesterol and lower “good” HDL-cholesterol (Mozaffarian 
2006).  
Since January 1, 2006, food labels must contain trans-fatty acid content as a separate line (U.S. 
Food and Drug Administration 2015). A product containing less than 0.5 g trans-fatty 
acids/serving may be declared as zero; otherwise, the amount must be noted. Based on extensive 
research into the effects of PHOs, as well as input from stakeholders during a public comment 
period, the FDA released its final determination in June 16, 2015 that PHOs are not Generally 
Recognized as Safe (GRAS) (U.S Food & Drug Administration 2015). The FDA emphasized, 
“removing PHOs from processed foods could prevent thousands of heart attacks and deaths each 





all PHOs from commercial food products. A handful of commercial food companies have already 
removed trans-fats from their product formulation. The FDA (2015) encouraged research of 
suitable replacement ingredients for PHOs “to meet the expected demands for alternative oil 
products and to address the supply chain issues associated with transition to new oils”. Direct 
replacement of trans and saturated fats with unsaturated oils rises a technical challenge. In order 
to match or even surpass the functionality of trans and saturated fats with unsaturated oils, novel 
oil-structuring methods must be developed.  
2.4.1 Lipid Modifications: Hydrogenation 
Hydrogenation makes it possible for generally liquid unsaturated fatty acids to be 
converted to plastic fats to provide desirable flavor, functionality, stability and reduced costs 
compared to animal fats. Classic examples of hydrogenated products are shortenings and 
margarines (Johnson 2008; List & King 2006).  The process of hydrogenation involves changing 
the double bonds of lipids to single bonds. Typically, selective conditions involve high 
temperatures (160 to 220oC), low hydrogen pressure (10 to 40 psi) in the presence of 0.02-0.04% 
nickel (catalyst). The main geometrical isomerization that occurs during hydrogenation is cis to 
trans double bonds. Most unsaturated oils, mainly plant soured oils, have only cis double bond 
fatty acids. Trans-fatty acids exist naturally in sources such as milk fat and animal depot fats, 
typically attributed to biological hydrogenation by rumen bacteria.  
 Hydrogenation affects the physical and functional properties of a lipid system. It raises the 
melting point, reduces the iodine value (IV), and converts the liquid oil to a solid, plastic state 
(O'Brien 2004). Depending on how much H2 is reacted with the liquid oil, a wide range of physical 
properties can be achieved in hydrogenation. Completely hydrogenated fats (IV<1) are solid and 





functional and commonly used in pastry products. Plasticity has the appearance of solids due to 
their resistance to small stresses, yet yield to deforming stress to flow like a liquid. The degree of 
plasticity determines the function of the hydrogenated fat, which are important to various 
applications such as margarines, confectionary fats, and baking shortenings.  
 Plastic fats contain two phases at room temperature – solid fat crystals and liquid oil. The 
solid fat crystals are finely dispersed and held together by Van der Waals forces (O'Brien 2004). 
The plasticity of the hydrogenated fat can be determined based on the solid fat versus liquid oil, 
i.e., solid fat index (SFI), using dilatometry and nuclear magnetic resonance (NMR).  The 
dominant factors for plasticity are the ratio of solid fat crystals to liquid oil, crystal size, and 
polymorphic form of the fat crystals.  The greater the ratio of crystals to liquid oil and the smaller 
the crystal size, the firmer the product will be, since there is a higher affinity for the crystals to 
coalesce.  
2.4.2 Lipid Modifications: Interesterification 
There are two different methods of interesterification: chemical interesterification (CIE) 
and enzyme-catalyzed interesterification (EIE). The CIE process is the most common industrial 
method for interesterification (Kadhum & Shamma 2005). CIE modifies physical properties of fat 
or oil by random or directed fatty acid exchange in TAGs. Random exchange can occur when fatty 
acid radicals shift among TAG molecules until equilibrium is reached. Directed CIE, the reaction 
occurs at a temperature below the melting point of the desired TAGs. EIE utilizes an enzyme, 
typically a lipase acquired from fungal or yeast bacterial sources, to catalyze a reaction to rearrange 





2.4.3 Lipid Modifications: Oleogelation 
Oleogels, or also commonly known as organogels, have been a recently investigated trans-
fat replacement strategy (Davidovich-Pinhas 2016). Liquid oils can be structured as a solid-like 
material, and potentially be a replacement of solid fat in food products and improve the nutritional 
profile in foods. Oleogels have been found in a variety of applications including cosmetics, 
pharmaceuticals, paint and plastic, and more recently, food. Oleogelation is a method to structure 
liquid oil in a self-standing, anhydrous, thermo-reversible and three-dimensional gel network with 
viscoelastic properties (Mert & Demirkesen 2015). Previously reported oleogelators include 
lecithin, sorbitan tristearate, monoacylglycerides, phytosterols and oryzanols, ricineladic acid, 
various fatty acids, fatty alcohols, 12-hydroxystearic acid, wax esters, and waxes (Hwang and 
others 2013; Davidovich-Pinhas 2016).  
 
2.5. Oleogelation  
2.5.1 Oleogelation Strategies 
 
Several oleogelation methods have been developed to structure oil using various gelators 
and oil sources (Figure 2.2). Particle or fibril crystallization can mimic TAG crystallization 
through crystalline particles or molecular self-assembly, which leads to the formation of a three-
dimensional gel network (Davidovich-Pinhas 2016). Table 2.1 summarizes the individual studies 






Figure 2.2 Schematic illustration of oleogelation strategies. (a) Crystalline particle. (b) Fibril 













Gelator Type Examples of gelators 




n-Alkanes n-Tracosane (C-24), n-
octacosane (C-28), n-
dotiacosane (C-32), and 
n-hexatriacosane (C-36) 
Abdallah & Weiss 2000  
Carbonates Carbamates with alkyl 
side chains of different 
lengths 
Moniruzzaman & 
Sundararajan 2005  
Waxes Candelilla Wax Alvarez-Mitre et al. 
2013, Blake et al. 2014, 
Toro-Vazquez et al. 
2007  
Rice Bran Wax Blake et al. 2014, 
Dassanayake et al. 2009 
Blake et al. 2014, 
Hwang et al. 2012 
Blake et al. 2014 Jana 
& Martini 2014; Yilmaz 
& O ̈ g ̆ u ̈ tcu ̈  
Sunflower Wax 2014, 2015 Rocha et al. 
2013  
Carnauba Wax Alvarez-Mitre et al. 
2013, Blake et al. 2014, 
Toro-Vazquez et al. 
2007  
Beeswax Blake et al. 2014, 
Dassanayake et al. 2009 
Blake et al. 2014, 
Hwang et al. 2012 
Blake et al. 2014 Jana 
& Martini 2014; Yilmaz 





Sugarcane 2014, 2015 Rocha et al. 
2013  
Fatty acids and fatty 
alcohol 
Stearic acid, stearyl 
alcohol  
Daniel & Rajasekharan 
2003, Gandolfo  
et al. 2004, Lupi et al. 
2013, Sagiri et al.  







Co & Marangoni 2013, 
Gao et al. 2013,  
Liu et al. 2015, Rogers 
et al. 2009a,  
Toro-Vazquez et al. 
2014, Wu et al. 2013  
 





Chen & Terentjev 2011, 
López-Martínez et al. 
2014, Pieve et al. 2010  
Diacylglycerol (DAG) 
Dipaimitin and distearin  Pernetti et al. 2007a  
Triglycerol (TAG) 
High and low melting 
temperature TAG 
mixtures  
Higaki et al. 2003, 2004  
γ-Oryzanol/ 
phytosterol mixtures 






Bot & Agterof 2006; 
Bot et al. 2009, 2012; 
Calligaris et al. 2014  
Ceramide 
Sphingolipids  Rogers et al. 2009b, 
2011  






Scartazzini & Luisi 
1988 
Lecithin + sorbitan 
tristearate 
Pernetti et al. 2007b 
Lecithin + sitosterol 
Han et al. 2013 
Lecithin + α-tocopherol  Nikiforidis & Scholten 
2014 
Surfactant Sorbitan monostereate 
(SMS) 
Peyronel & Marangoni 









Motulskya et al. 2005  
Silica Particles 
Whitby & Onnink 2014  
Liquid Crystalline mesophase 
Cegla-Nemirovsky et 
al. 2015, Libster et al. 
2011, Nikiforidis 2015 
Macromolecules Polymer Ethyl-Cellulose 
Davidovich-Pinhas et 
al. 2015b, Dey et al. 
2011, Gravelle et al. 
2012, Marangoni 





Gallegoa et al. 2013  
 
Chitin, Chitosan, and 
acylated derivatives 
Sánchez et al. 2011a, 
Sánchez et al. 2011b  
 
Other Dried protein systems 
β-Lactoglobulin  
 
Sánchez et al. 2011c  
 












xanthan gum  
 
Mazzenga 2011, 
Mezzenga & Ulrich 
2010, Romoscanu & 





Gelation and xanthan 
gum 
Patel et al. 2013b, 
2014  
Shellac 
N/A Patel et al. 2013a, Patel 
et al. 2013c  
 
2.5.2 Ethyl Cellulose-Based Oleogels 
Ethyl Cellulose (EC) is a linear polysaccharide derived from the ethylation of cellulose 
(Davidovich-Pinhas 2016). EC polymer has been considered GRAS by the FDA for indirect food 
usage (21 CFR section 182.90). Oleogelation requires minimum EC polymer concentration, thus 
making it ideal for oleogel production (Gravelle, Barbut & Marangoni 2012; Zetzl, Marangoni & 
Barbut 2012). Gravelle, Barbut & Marangoni (2012) developed a predictive model for EC-based 
oleogel mechanical properties based on the oleogel formulation, i.e., oil type, EC molecular 
weight, EC concentration, and addition of surfactants. Most often high polymer molecular weight 
and concentrations, in addition to small-surface surfactants, produced the strongest gels. In 
addition, the procedure requires oleogel production to reach high temperatures, making the 
material prone to oil oxidation, which can have major impact on gel properties. Higher levels of 
oxidation were positively correlated with gel hardness. Other factors that affect gel properties 
include external forces such as temperature and shear (Davidovich-Pinhas 2016), which were 
demonstrated in food systems in the following studies. Stortz & Marangoni (2013) incorporated 





EC into chocolate to produce a heat-resistant chocolate up to 70oC. There was a more significant 
effect in milk and white chocolates rather than dark chocolate, which indicates that sugar also plays 
a role in chocolate properties. The potential implication of this study is to control oil migration 
within the chocolate matrix, and thus, control chocolate fat bloom and allow chocolate to be stored 
in a wider range of conditions. Oil migration was minimized in cream fillings in cookies using EC 
oleogels blended with Coasun™, a low-fat shortening, in a study by Stortz (2012). The final results 
displayed decreased oil migration with the addition of EC oleogel.  
The ability to display similar or improved properties with alternative fat replacers 
compared to shortening in pastries with high fat content creates opportunities to further investigate 
oleogel technologies. With the increased pressure to reduce or remove trans and saturated fat 
usage, oleogels have been an investigated option to increase the unsaturated fatty content and 
decrease the saturated and trans fatty acid content. A study conducted by Zetzl (2012) investigated 
mechanical properties of EC oleogels in frankfurters. Cooked frankfurters made with 4-10% EC 
oleogels showed no significant differences in chewiness or hardness compared to control products 
made with beef fat, leading to a potential to replace saturated fat in a variety of food products.  
2.5.3 Wax-based Oleogels 
 Crystallization with plant wax is a topic of interest in the organogel field. Waxes have 
different benefits and properties based on their unique functional group/structural components as 
depicted in Table 2.2 (Dassanayake, Kodali, Ueno, & Sato 2009; Zulim Botega, Marangoni, 
Smith, & Goff 2013). The functional group generally includes an alcohol, ester, ketone and/or 
aldehyde. Waxes generally have high melting points and low solubility in vegetable oils thus 
resulting in crystallization when stored at room temperature to create an organogel (Jana & Martini 





Table 2.2 Composition and melting range of RBW, CDW, CBW, BW (modified from Zulim & 
Botega 2013) 
 
Composition RBX CDW CBW 
Ester content (%) 92-97 27-35 84-85 
Free fatty acid (%) 0-2 7-10 3-3.5 
Free fatty alcohol (%) - 10-15 2-3 
Hydrocarbons (%) - 50-65 1.5-3 
Resins (others) (%) 3-8 - 6.5-10 
Melting range (oC) 78-82 60-73 80-85 
∆Hm (J/g) 190.5 129.0 137.6 
∆Sm (mJ/g/K) 559.0 376.1 384.6 
 
organogels are driven by the crystallization behavior of the wax, which was determined by the 
molecular composition of the wax, the type of oil phase used, and the processing conditions.   
 Wax organogelation was achieved by heating a dispersion of a low molecular-mass organic 
gelator in a low polarity solvent until full solubility was obtained. Then, the solution was super-
cooled below the temperature at which the gelator develops a solid phase in the solvent. 
Crystallization of waxes in liquid oils results in a network based on weak interactions of crystals 
and crystalline aggregates immobilizes the liquid oil into a three-dimensional structure (Doan, Van 
de Walle, Dwewttinck, & Patel 2015). The crystallization temperature was associated with the 
gelator’s nucleation onset in the solvent. According to Toro-Vazquez and others (2012), super-
cooling is the principal thermodynamic driving force for nucleation, crystal growth, and 
subsequent gelation of the gelator. It is important to mention that the crystalline matrix formed by 





smaller particles and dismembering of larger aggregates due to external impacts such as shear and 
temperature. 
 Some of the initial promising examples of plant waxes showing a potential to structure edible 
oil was in the studies conducted by Toro-Vazquez and others (2007) and Dassanayake (2011). 
Candelilla wax (CDW), carnauba wax (CBW), rice bran wax (RBX), and beeswax (BW) were 
investigated for their ability to structure edible oils. Dassanayake (2011) reported RBX to structure 
edible oil better with a minimum of 0.5% wax compared to CDW and CBW. It has been reported 
that fatty acids longer alkyl chains have better gelation abilities than those with shorter alkyl 
chains, saturated alkyl chain, and wax esters in soybean oils (Hwang, Kim, Singh, Winkler-Moser, 
& Liu 2012).  
2.5.3.1 Rice Bran Wax  
 Rice (Oryza sativa) Bran Wax is a great low molecular-mass organic gelator. Rice bran is a 
by-product of rice milling, primarily in East Asia, where rice is a main staple (Dassanayake and 
others 2009). Crude rice bran oil contains approximately 5.9% hard wax (Yoon & Thee 1982). 
Rice bran wax is removed during the dewaxing step of the refining process of rice bran oil. The 
rice bran wax traditionally was discarded, but due to the recent expansion of understanding its 
functionality, they can be utilized in organogels successfully. Rice bran wax differs from the other 
plant-wax oleogelators due to its highly pure wax ester content, and also varies based on the 
extraction conditions. This wax also contains high amounts of sterols, such as g-oryzanol and 
phytosterols, which are low molecular-mass organic gelators. They self-assemble into long 
needle-like crystals (20-50 µm), which are very effective in entrapping oil within the crystalline 
matrix (Dassanayake, Kodali, & Ueno 2011). With a high melting point of 78-82oC, rice bran 





Drug Administration 2016). A technical difficulty is the mouthfeel and textural effects when 
increasing the concentration of rice bran wax to ensure gelation. Increasing its concentration 
above 5% by weight leads to a waxy and unpleasant mouthfeel. 
 The dispersion of thin, long needle-shaped crystals demonstrates good oleogel-forming 
properties (Dassanayake, Kodali, Ueno, & Sato 2009). The morphology of RBX crystals are long 
(20-50 µm) needles, which form matrices that interact well at the intercrystalline interfaces to form 
oleogels. This allows them to entrap large volumes of liquid oils within the crystalline scaffoldings. 
Based on XRD patterns, RBX crystals exhibit wide-angle diffraction peaks displaying b¢ 
polymorphic properties, which correlates to desirable sensory traits such as smooth texture and 
mouthfeel similar to margarine.  
2.5.3.2 Wax-based Oleogels in Food Applications 
 Waxes have been used in pharmaceutical, cosmetic and food industries due to the ability 
to self-assemble at room temperature to form crystalline materials. The food industry, in particular, 
has traditionally used waxes such as candelilla wax as edible coatings to improve shelf life of fruits 
and vegetables (Pompa 2009). Waxes have also been used to formulate micro-emulsions to be 
utilized as edible coatings (Hagenmajer 1998). The benefit of using these common plant-waxes 
are that many are considered generally recognized as safe (GRAS). Natural waxes are composed 
of several different molecular compositions: esters of long-chain aliphatic alcohols and long-chain 
fatty acids, n-alkanes, free fatty acids, and long-chain alcohols. Table 2.2 shows the most recent 
studies that evaluate food applications using wax-oil oleogel systems. These studies used the 






Table 2.3 Wax-oil organogel application in foods 





 Sunflower wax (3%, 7% and 10%) + Olive 
Oil 
Beeswax (3%, 7%, 10%) + Olive Oil 
 Yilmaz and others 
2014 
Solid Fat in Ice Cream 
 
 Rice Bran Wax (10%) + Sunflower Oil  Botega and others 
2013 
Shortening in Baked 
Goods 
 
 Candelilla wax (3-6%) + Canola Oil  Jang and others 
2015 
Spreads, chocolate, 
paste, and cakes 
 
 Shellac (2%) + Sunflower Oil   Patel and others 
2014 
Cookies  Sunflower Wax + Hazelnut Oil  Yilmaz and others 
2015 
Short Dough Cookie 
 
 
 Carnauba Wax (2.5%, 5%) + Sunflower Oil 
Candelilla Wax (2.5%, 5%) + Sunflower 
Wax 




2.5.4. Gel Microstructure Modification via External Factors 
When waxes are crystallized at low concentrations, phase separation (crystal 
sedimentation) occurs, limiting their use as oleogelators (Jana & Martini 2014). External factors 
during the preparation of an oleogel play a large part in the final outcome of oleogel formation and 
stability, and thus, limit phase separation. There have been several methods studied that are 
available for modifying gel microstructure.  
2.5.4.1 High-Intensity Ultrasound 
 Ultrasonics is a discipline that uses sound waves with a frequency just above human 
auditory detection (20 kHz) (Martini, Suzuki, & Hartel 2007). Ultrasound can be classified in two 
frequency level groups: (1) high frequency, low power (2-10MHz) ultrasound and (2) low 





ultrasound is mainly used for medical diagnostic imaging and chemical analyses. High-intensity 
ultrasound (HIU) using low frequency (20-100 kHz) can be used to change physiochemical 
properties of materials and inducing chemical reactions (sonochemistry) and to alter crystallization 
behavior of materials (sonocrystallization), as pictured in Figure 2.3. Studies suggest that HIU 
induces crystallization by promoting primary and secondary nucleation in the lipid systems 
(Suzuki, Lee, Padilla, & Martini 2010; Jana & Martini 2014; Akoh 2017).  
 
Figure 2.3 Ultrasound procedure (Martini, Suzuki, & Hartel 2007) 
 
 This is mainly caused by acoustic cavitation, which can be defined as the formation of a vapor 
cavity of bubble in response to an acoustic pressure field. The effects of HIU induces nucleation 
of crystals, increases nucleation rate, produces smaller and even sized crystals, accelerated the 
transformation of crystal form, and changes the mechanical properties of a product. Early lipid 
sonication studies included the evaluation of HIU intensity on lipid crystalline structures on palm 
oil under non-isothermal conditions (Patrick, Blindt, & Jansen 2004). When palm oil without 
ultrasound crystallized at 26oC. Yet, when HIU was applied, the crystallization was first observed 





promote stable polymorphism in lipid systems, i.e., cocoa butter in confectionary applications 
(Baxter, Morris, & Gaim-Marsoner 1997). This study showed that ultrasound promoted the 
crystallization of cocoa butter to its most desirable polymorphic state (form V). In addition, the 
results from studies including anhydrous milk fat (Martini, Suzuki, & Hartel 2007), all-purpose 
shortening (Suzuki, Lee, Padilla, & Martini 2010), and with beeswax-based oleogels (Jana & 
Martini 2014) suggest that HIU could generate crystalline network that can “resist” temperature 
fluctuations that may occur during processing or transportation of lipid products.  
2.5.4.2 Shear & Cooling Rate 
 Shear is known to increase heat and mass transfer and increase the frequency of molecular 
collisions (Blake & Marangoni 2015). This can have a direct effect on influencing the nucleation 
rate and crystal growth rate. Shear prior to crystallization or during nucleation will alter the rate of 
nucleation and the alignment of nuclei caused by shear, influencing size, distribution and 
population of crystals, which will ultimately alter the physical properties of the final gel product.  
 Alternatively, network damage can form an issue due to shear once an oleogel has been 
formed. This is due to the large liquid volume ratios. Typically, oleogels have 95-99% liquid 
volume. Excessive shear may cause oil syneresis and separation of phases, which would be 
detrimental to the surrounding food matrix. Thus, shearing must occur during pre-crystallization 
prior to crystal junction forms. Network damage can also be mitigated using a lower shear rate, 
which is less likely to rupture network connections compared to high shear rate.  
 Chopin-Doroteo and others (2011) investigated shear (600s-1) on candelilla wax oleogels 
during cooling until reaching nucleation temperatures (47oC) or metastable conditions prior to 





larger crystal platelets, resulting in higher proportion of transient junctions to permanent junctions 
compared to statically cooled gels.   
2.6 Analysis Techniques 
2.6.1 Powder X-ray Diffraction 
 X-ray diffraction technology was first understood by Max von Laue in 1912 and has 
developed into a common technique to capture the patterns of crystalline structures (Marangoni & 
Wesdorp 2013). When lipids crystallize, they adopt a specific lattice packing arrangement, 
identified as polymorphism. Lipids can crystallize in different polymorphic forms: a, b’, b 
(Acevedo 2012). The most commonly used technique to study crystalline structure in fats is 
powder X-ray diffraction (XRD).   
 The powder XRD involves three parts: the sample stage, where the sample will stay fixed, 
the X-ray source (typically an X-ray tube) and an X-ray detector (Grebenkemper 2017). The X-
rays are focused on the sample at an arranged angle, and the X-ray detector receives it at 2θ away 
from the source path (Figure 2.4). The X-ray tube contains a high voltage between a tungsten 
filament and a copper block. X-rays exit through a beryllium window. Upon striking the sample 







Figure 2.4.  The X-ray is focused on the sample at some angle θ while the detector opposite the 
source reads the intensity of the X-ray it receives at 2 θ away from the source path 
 
 Characteristics lengths, d, of lipids generally range from sub-atomic distances (d < 1 nm), 
which is important to understand when measuring properties such as crystal structure. Bragg’s 
law, 2d sinq =l, is used to determine the d spacing. There are two techniques for scattering that 
could be used: Wide angle X-ray scattering (WAXS) and small angle X-ray scattering (SAXS). 
The differing factor between the two techniques are the range of scattering angles 2θ. The angle 
ranges for SAXS are 1 to 15o and WAXS are 16 to 25o (Bunjes 2007; Skoog, Holler & Crouch 
2007). The long-spacings in the WAXS refer to the thickness of the lamellae layer (Figure 2.5). It 
depends on the length of the TAG molecules and the angle of tilt of the chains relative to the 
normal plane. The short-spacings refer to the cross-sectional packing of the hydrocarbon chains, 






Figure 2.5. According to Bragg's Law, d spacings can be calculated where the X-rays are partially 
scattered by atoms when they strike the surface of a crystal. 
 
2.6.2 Differential Scanning Calorimetry  
 Differential scanning calorimetry (DSC) was developed by Watson and O’Neil in 1962 to 
measure energy directly and allow precise measurements of heat capacity (Marangoni 2012; 
Marangoni & Wesdorp 2013). DSC measures the difference between the heat input (temperature) 
between a sample pan and a reference pan over a measured time (Figure 2.6). This difference 
helps categorize phase transitions. One sample holder contains a pan filled with the sample, the 
other a reference pan. The temperature in the chamber with both pans will increase in temperature 
at the same rate. When the sample undergoes structural changes, it takes up energy, i.e., heat from 
the system. This will lead to a difference in enthalpy between the reference pan and the sample 
pan. Some physical phenomena studied with DSC include: phase transitions, melting profiles, 
heats of fusion, and percent crystallinity. For lipids, thermal behavior of fat samples can be 
measured based on when the fat melts and crystallizes, as well as the enthalpy of the transition. 
The information gained from DSC is complementary to XRD to distinguish the temperatures at 
which thermal events occur while XRD identifies the exact nature of the thermal transitions that 






Figure 2.6. Schematic representation of the DSC setup to measure heat exchanges during 
controlled temperature programs (Bunjes 2007) 
 
2.6.3 Scanning Electron Microscopy 
 Certain microscopic methods are limited by the fact that some lipids typically melt under 
an electron beam, creating difficult imaging. Scanning Electron Microscopy (SEM) allows for the 
visualization of surface topography of materials and has been used in the imaging of fats 
(Marangoni & Wesdorp 2013). Since fats are sensitive to temperature, microscopy must be carried 
out under cryogenic conditions to avoid the samples melting or the oils must be replaced.  Heertje 
and others (1987) reported using a 90:10 (v/v) mixture of 2-butanol and methanol at specific 
temperatures to remove liquid oil from a solid fat in a sample mounted on a holder for visualization 
by SEM. With polar solvents, it is important to find an optimal organic solvent to remove oil while 
minimizing solid fat dissolution. This was successfully done by Chawla’s group (Chawla, deMan, 
& Smith 1990) using cold isobutanol. They reported that this method removed liquid oils without 
significant losses (approx. 5%). A recent paper by Hwang (2015) replaced the oil in a sunflower 
wax-soybean oil oleogel using UV-curable resin to replace the liquid phase of an oleogel, which 
was designed as an alternative to cryo-SEM. By using this technique, as seen in Figure 2.7, 





crystals, were connected together to form networks. The SEM collects images of samples by 
scanning a focused beam of electrons on a sample of interest (Nanoscience Instruments 2017).  
 
Figure 2.7 SEM micrographs of sunflower wax-soybean oil oleogels using UV-cured resin method 
by Hwang (2015) at various cooling rates (a) 0.5oC/min, (b) 1oC/min, (c) 3oC/min, (d) 5oC/min, 
(e) 10oC/min, and (f) 20oC/min 
  
2.6.4 Texture Analysis 
Textural quality attributes of food may be evaluated by subjective (descriptive sensory) or 
objective (instrumental) analyses.  Objective measurements research is based on are mechanical 
and rheological properties of foods. Texture Profile Analysis (TPA) methods relate to food texture 





measurement of food texture can be categorized as destructive and non-destructive methods. 
Destructive methods include three-point bending test and compression test, as depicted in Figure 
2.8. 
 
Figure 2.8 Two destructive method instrumental tests. From left to right: three-point bending test 
and compression test 
 
2.6.4.1 Three-Point Bending Test 
Three-point bending tests apply force to the center of the sample using a triple anvil 
apparatus until a fracture occurs (Mamat & Hill 2012; Jang, Bae, Hwang, Lee, & Lee 2015). The 
crosshead speed ranges from 1 to 120 mm/minute. Based on the data of fracture stress and strain, 
the Young’s modulus (E, Pa) of food material can be achieved, based on the fracture stress (σ, Pa) 
and fracture strain (r, unitless) (Kim and others 2012). The breaking force (F, N), the deflection of 
the center of the sample (D) and the slope of the tangent of the initial straight-line portion (m, N/m) 
can be determined from the force-displacement curve. In Kim’s study, biscuits underwent a three-
point bend force and exhibited fracture behavior by showing an initial elastic response followed 
















where b and d were the width and thickness of the biscuit, respectively. All lengths were in 
meters.  
2.6.4.2 Compression Test 
A compression test involves a flat surface with a cylindrical probe compressing onto the 
sample to record the hardness of a sample (Kim and others 2012). Parameters of hardness, 
cohesiveness, chewiness and springiness can be measured with two consecutive compressions. 
The first maximum load (N) of the first compression records the hardness. The work done entering 
into the second compression cycle records cohesiveness. Springiness is recorded from the amount 
of sample recovery after the first compression cycle. And chewiness is the product of hardness and 
cohesiveness and springiness.  
 
2.7 Pastries 
2.7.1 Impacts of Lipids on Flaky Pastries 
Texture of flaky pastries, also called short pastries, are highly dependent on the formulation 
and the preparation methods used (Mamat & Hill 2012). The main ingredients of these products 
are flour, fat and water. When flour and water interact, the gluten is hydrated and creates a 
structured matrix. Although starch plays a major structural role in many pastries, the fat plays a 





flour gluten components would create a cohesive, elastic matrix. Lipids perform a shortening effect 
in dough, which refers to the lubrication, weakening, or shortening of the flour components in a 
dough. 
 The lipid type and the level of lipid added to the dough have a strong impact on the final 
quality of flaky pastries. The ratio of the solid to liquid phase, also referred to as the solid fat index 
(SFI), plays an important factor when characterizing the functional performance and the textural 
quality of the final outcome of the dough (Wassell 2014). In cookie production, proper SFI content 
allows plastic shortening to be creamed with sugar to incorporate air bubbles that are trapped 
within the liquid phase of shortening (Jacob & Leelavathi 2007). Liquid oils in cookies had a 
relatively higher spread whereas cookies made with a high SFI hydrogenated fat had the least 
spread. The cookies with oil had poor entrapment of air during creaming. SFI plays a large role in 
texture in final baked products. When using a lipid with too high of an SFI content, the resulting 
product will encounter a waxy consistency and a low yield efficiency. Thus, the SFI is highly 
important to the final product of flaky pastries. Customary SFI of roll-in shortening is 
approximately 40% solid fat in the thermal range of 10-33.3oC (Macias-Rodriguez & Marangoni 
2016). This allows for enhanced resistance to structural breakdown and adequate hardness and 
plasticity, to withstand the mechanical procedures for roll-in pastry preparation. They also possess 
a higher degree of cooling and shear to maximize crystal nucleation and limit crystal growth.  
 Traditional fat used for flaky pastries was lard because of its ideal crystalline structure in 
b and b’ polymorphs, to provide a good ‘short’ texture and good mouthfeel (Macias-Rodriguez & 
Marangoni 2016).  b’ polymorph is highly preferred in alternative plastic lipids due to its tiny 
needle-like and dense crystal network that provides optimal baking performance and mouthfeel. 





(TAG) diversity, fatty acid chain length, phase transitions, and other factors. (Marangoni 2012; 
Wassell 2014; Macias-Rodriguez & Marangoni 2016;). The polymorphic types can be identified 
using XRD.  
2.7.2. Pie Crusts 
 It is ideal to have a continuous gluten network throughout the crust. A porous crust structure 
is not desired because the concept of the pie crust is to support and retain high moisture content 
fillings. Pie crusts are generally categorized into two groups: flaky, mealy, and flake (Wassell 
2014).  
1)   Flaky pie crusts exhibit a facture along lines at different levels when broken. They show 
distinct separation in layers parallel to the surface. They produce long flake crusts, which 
requires a high shortening content to maintain the desired texture. Shows moderate gluten 
development that is broken up by pieces of solid lipid dispersed throughout the dough.  
2)   Mealy pie crusts break in a straight line and have a crumb resembling cookies. Mealy crusts 
are produced by mixing ingredients thoroughly to withstand rougher handling in 
production and distribution. They show very minimal gluten development due to the even 
dispersion of lipids throughout the dough.  
Flakiness is imparted by high-melting, coarse, large, b′-crystals that separates dough into layers. 
Lard was initially the standard pie crust shortening, has the ideal SFI profile to provide desirable 
flakiness properties. Hydrogenation of lard and vegetable oil shortening allows for properties to 
be manipulated to provide desirable flaky pie crusts traits.  
 It is imperative that solid fats remain solid during dough manipulation to deliver the flaky, 
delicate and airy characteristics of puff pastries. In pie crust production, shortening prevents excess 





starch granules to interfere their adherence to each other. This provides lubrication to gluten 
particles. Shortening delays gelatinization by delaying the transport of water into the starch granule 
due to the formation of complexes between the lipid and amylose during baking. By maintaining 
the solid integrity of the lipid, it can retain pockets in the dough during rolling and baking. During 
baking, the pockets will accumulate steam for the dough to expand. This is important for the 
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Chapter 3: Investigation of Effects on Oleogel Structure with High-Intensity Ultrasound 
 
3.1 Introduction 
The type, amount and morphology of lipid crystals formed during processing have a large 
effect on the physical and sensory properties of fat-based foods (Mert 2016). There is a high 
importance to understand and control lipid crystallization to optimize overall food product quality. 
Common processing parameters that can be manipulated to control lipid crystallization include 
supercooling, use of emulsifiers, cooling rates and shear (Blake 2015; Mert 2016). Sonication (or 
high intensity ultrasound, HIU) has been used to control crystallization for variety of food 
applications, including water (Chow 2005), sugar, (Patel 2009), and lipid (Martini 2008; Suzuki 
2010; Ye 2014; Mert 2016). Early work by Higaki and others (2001) reported that HIU resulted in 
a shorter induction crystallization time in tripalmitin and promoted formation of β crystals, 
especially at high crystallization temperatures.  
Oleogels show a promising alternative to solid fats that are high in saturated fats or have 
been processed to convert into solid products, such as hydrogenated fats.  Negative health 
implications initiated a push to reduce overall fat intake and remove partially hydrogenated oils 
from commercialized foods by 2018, causing a large problem for food industries to find a 
replacement. Oleogelation is a novel structuring technology solution that is a three-dimensional, 
self-assembling gel that became an active area of research over the past decade (Hwang 2003; 
Dassanayake, Kodali, Ueno, & Sato 2009; Mert 2016).  
The objective of this study was to evaluate commercial shortening (CS) and HIU treatment 
in rice bran wax oleogels (RBXO). The secondary objective was to understand the effects of using 





The hypothesis of this study was that the application of HIU treatment on RBXO would 
improve the structure of the crystal matrix, allowing the RBXO to increase in stability and be 
functional in food applications that are highly dependent on the lipid component, in this case, pie 
crusts.  
3.2 Materials and Methods 
Oleogels were prepared using rice bran wax (RBX) and canola oil (CO). RBX was 
graciously supplied by Jedwards International, Inc., Braintree, MA USA. Crisco™ CO was 
purchased at a local grocery store, frequently to maintain freshness. Crisco™ vegetable shortening 
was purchased at local grocery stores and stored at 4oC to maintain freshness.  
 
3.2.1 Oleogel Sample Preparation 
Oleogels were prepared by heating the RBX 5% (w/w) with CO in a water-jacketed beaker, 
with constant temperature water at 75oC, and magnetically stirred at maximum speed until solid 
wax pellets melted completely. The liquid solution was sonicated with the Cole-Palmer 750-Watt 
Ultrasonic Processor (Vernon Hills, IL) at 65oC using a 31mm diameter ultrasound probe at 750 
W, 20 kHz ultrasound processor.  High intensity ultrasound (HIU) was applied at 65oC for 1 min 
and 2.5 min, resulting in acoustic power of 35 W and 40 W, respectively. Other ultrasound 
durations (5s, 10s, 30s, 10 min) were evaluated. Based on differential scanning calorimetry (DSC) 
analysis of the melting profiles, the 1 min and 2.5 min treatments were the chosen to be most 
effective and applied in this research. 
 
3.2.2 Oil Binding Measurement 
Whatman® No.1 filter paper was used to evaluate the oil binding properties of oleogels. 





by the paper. The paper was folded and fitted into an 8cm diameter glass funnel and samples were 
added (5 g, accurately weighed). The leached liquid oil was collected in a test tube and weighed 
at the following time intervals: 0, 3, 6, 9, 12, 15, 18, 21, 24 hrs. A control without sample on a 
saturated filter paper was measured at the same time intervals. Samples were evaluated in three 
independent repetitions.   
 
3.2.3 Powder X-ray Diffraction (XRD)  
Samples for powder X-ray diffraction were prepared by filling a sample holder cavity with 
the prepared oleogel and leveling with a glass slide. The polymorphs were determined using a 
Siemens Bruker D5000 theta/theta X-ray powder diffractometer (XRD) system (Almelo, The 
Netherlands) emitting Cu-k-α2 radiation (λ=0.151418, nm = 1.5418 Å) set at 40kV and 30mA 
with a 2mm divergence slit. Data was collected from 8 to 30 2θ with a step width of 0.02o and a 
step time of 0.5 s operating at 25oC. Jade 9+ Software (Materials Data Inc., Livermore, CA) was 
used for X-ray data analysis to calculate the absorption intensity, background intensity and peak 
width in degrees for each crystalline form and the relative percentages of β and β’ crystals. The β 
form was calculated from the intensity of the short spacing at 4.6 and the β’ polymorph was 
calculated from the intensities of the short spacing at 3.7-4.0 Å and 4.2-4.3 Å, according to the 
XRD AOCS Official Method Cj 2-95 (AOCS 2009).  
 
3.2.4 Differential Scanning Calorimetry (DSC)  
Thermal properties of CS and oleogels were determined using differential scanning 
calorimetry (DSC) using the DSC Q2000 (TA Instruments, New Castle, DE). Samples were 





5x5 cm foil liners and placed into DSC pans (TA Instruments, Switzerland) that were crimped 
with a hermetically sealed lid.  The unloaded standby temperature was set to 20oC. Samples were 
equilibrated at 4oC for 10 min and then heated to 100oC at a rate of 10oC/min with an empty 
reference pan with a 5x5cm foil liner as a reference. Results were recorded in triplicate. The 
melting onset temperature (To) melting point (Tm), re-crystallization temperature (Tc), and 
enthalpy (∆H) were calculated using Advantage/Universal Analysis Software (TA Instruments, 
Switzerland).  
 
3.2.5 Preparation of Pie Crusts 
Formulation of the standard pie crust was based on the Culinary Institute of America 
method (CIA 2014). The following ingredients were used: King Arthur pastry flour (King Arthur, 
Norwich, VT), Crisco™ vegetable shortening (Crisco™, Cincinnati, OH), water and iodized salt 
(Morton Salt, Lemont, IL). All pie crust variables were prepared with the same quantity of 
ingredients and the same total lipid proportions. Lipid (CS, oleogel, or 70:30 ratio of oleogel to 
CS) was cut using a pastry cutter into flour and salt mixture until pea size clumps formed. Caution 
was taken not to over mix the lipid causing it to melt.  Approximately 15% (w/w) of cold water 
(0-10oC) was added to flour-lipid mixture until a cohesive dough could be formed. Chilled dough 
was rolled to 4 mm thickness and cut into 80x40 mm sized samples and baked in a commercial 
conventional oven (GE Appliances, Louisville, KY) for 12 min at 200oC. Pie crusts were cooled 
to room temperature on a wire rack (15 min). Pie crusts were analyzed immediately after cooling. 








3.2.6 Dimension Measurements 
Using an Electric Digital Caliper 784EC (Pit Bull, China), length, width, and height of each 
pie crust square are measured after baked samples were cooled for 15 min at room temperature.  
Each 80x40 mm sample was measured for length, width and height individually.  The samples 
were measured at 20-24oC and 40-50% RH.  
 
3.2.7 Texture Analysis 
 Hardness and work to break a pie crust were measured using TA-XT2 HD plus Texture 
Analyser (Texture Technologies Corp, Hamilton MA) fitted with a 4 mm blade with a guillotine 
edge fitted with a 5 kg load cell. The initial distance from the top of the pie crust was 20 mm. The 
test speed was at 2 mm/s with a target distance of 10 mm in compression test mode. The peak force 
was recorded in kg and the work was calculated as the area under the curve of force by distance 
until the breaking point. Results were recorded and analyzed using Texture Exponent 32 Software 
(Stable Microsystems, Surray, UK).   
 
3.2.8 Statistics 
One-way analysis of variance (ANOVA) was conducted using Software JMP®, Version 
13.2. (SAS Institute Inc., Cary, NC, 1989-2007). The level of significance for each correlation was 
chosen as p≤0.05. Graphical figures were exported from JMP 13.2, Oracle Spatial and Graph 12c 






3.3 Results and Discussion 
3.3.1 Effect of HIU on RBX Oleogels 
The aim of this study was to investigate the effects of High-Intensity Ultrasound (HIU) on 
the network morphology, oil binding capacity, and the melting profiles of RBX oleogels. Product 
attributes, such as spreadability and hardness, were determined by individual fat crystals (crystal 
morphology) and the way these crystals interact to form clusters and create networks (product 
morphology) (Heertje 1997). In this specific study, the focus was on the quantity and 
characterization of lipid crystal structures, specifically polymorphic forms, which were indicative 
of the morphology of crystals. The treatments compared included CS as the standard control, 
RBXO with no HIU treatment, RBXO with 1 minute HIU treatment, and RBXO with 2.5 minute 
HIU treatment. To provide maximum efficiency of the ultrasound waves, HIU was applied in the 
presence of crystals at approximately 65oC (Jana 2014).  
 
3.3.1.1 Lipid Crystalline Structure  
The functionality of lipid systems was highly dependent on the lipid crystal polymorphism. 
The effects of HIU on the promotion of the β΄ polymorphism of the oleogel in the wax crystal 
network was evaluated using powder X-ray diffraction (XRD). Due to the liquid and amorphous 
qualities, the overall graph produced a bell-curve, which was considered a baseline. There were 
two characteristic wide-angle peaks, shown through short-spacings in the wide angle region using 
the wide angle x-ray scattering (WAXS) that indicated the β΄ polymorphism, located at 0.38 nm 
and 0.42 nm  (Dassanayake, Kodali, Ueno, & Sato 2009). Based on the XRD results, the crystalline 
network of each treatment produced β΄ formation as shown in Figures 3.1 (A-D) using WAXS. 





indicative of β′ polymorphic form (Skoog, Holler, & Crouch 2007). The two peaks resulting from 
WAXS were independent from the HIU treatment, since sonication did not disrupt the 
intermolecular bonds within the triacylglycerols.   
Table 3.1 indicated the results for the two d-spacings that characterized β΄ cystalline 
structure: two d-spacings were located at 0.42 nm and 0.38 nm. CS was iconic for having b¢ with 
peaks at 0.420 nm and 0.378 nm, which was analyzed by XRD. Comparatively, oleogels showed 
similar results for d-spacings, showing no significant difference (α ≤ 0.05), signifying that all 
oleogels, independent of the HIU treatment, were in b¢ polymorphic form.  
 Aside from the crystal morphology, XRD also indicated the percent of the solid crystal 
wax complex that is made up of b¢ polymorphic form crystals. Indicated in Table 3.1, CS 
contained 91% b¢ polymorphic form content, whereas the oleogel treatments contained 32.9%, 
49.6%, and 58.4% for no HIU, 1 minute HIU, and 2.5 minute HIU, respectively. This indicated 
that oleogels naturally did not create a high concentration of b¢ crystals, but HIU caused an 
increase of b¢ polymorphic formation in the crystal network. With an increase of HIU application 
time, there was an increase of b¢ polymorphic form also.  
The instrument used for this powder XRD diffracted at only one dimension of the complete 
sample. In addition, testing time could have been increased to reduce the amount of noise, although 
despite the large amount of noise, the instrument was sensitive enough to extract the d-spacings 
necessary. The amount of noise did not affect the accuracy of the d-spacing distance. Further steps 
to obtain a more wholesome understanding of the structure of the lipid crystals within the oleogel 
would be to use a two-dimensional XRD (2D-XRD) and utilize SAXS, which would provide the 
long-spacings which can provide information on the arrangement of the crystals and the thickness 





to HIU, but the XRD indicated that there were structural changes of the crystal or within the 
arrangement of the crystals. In order to assess these changes, additional analysis with SAXS and 
two-degree XRD must be included. 
Researchers expressed different opinions of how HIU affects crystallization. Patrick and 
others (2004) described that crystallization occurred in minimum time when ultrasound was 
applied just below the cavitation threshold. Most investigators agreed that cavitation plays an 
important role (Hem 1967; Chow 2005; Castro 2007). When liquid oils were exposed to 
ultrasound, high pressure and temperature caused gas/vapor bubbles to form within the liquid 
mixture. When the ultrasound intensity exceeded the cavitation threshold, the bubbles became 
unstable and rapidly grew which were followed by a violent collapse within a sound cycle. With 
this in mind, there was various changes that could have occurred during the formation of an oleogel 
that has been exposed to HIU. These small bubbles could have provided an increased number of 
nucleation sites, which could promote crystallization in the bulk fat, reducing the induction time. 
In addition, it could have affected the crystal perfection.  In a study conducted by Meeussen (1999), 
lipids that had undergone tempering to force b¢ configuration led to crystal perfection, which could 
be observed with narrow diffraction peaks. Under HIU, oleogel crystal networks undergo 
aggressive cavitation at the point of crystallization, causing structural changes to occur. Precise 
changes require further analysis, including microscopy, such as scanning electron microscopy 
(SEM) and additional XRD analysis, including SAXS and 2D-WAXS. Major difficulties when 
analyzing oleogels included phase separation when the oleogel was physically agitated because it 
had high liquid oil content. In addition, HIU usage in oleogels is not limited to rice bran wax and 
canola oil and can be explored in further combinations of oil-wax oleogels. HIU alone will not be 





as cooling rate, shear, and temperature cycling (Ye 2014; Blake 2015). Further evaluation to study 
the effect of HIU application to oleogel systems needs to be conducted to further understand the 
crystal changes that occur in the oleogel network.  
 
3.3.1.2 Melting Profile  
 Melting profiles of lipids are crucial because they are indicative of structural differences in 
the lipid crystals (Tan 2002). These were indicated by differential scanning calorimetry (DSC). 
Typically, pure crystal materials would indicate sharp melting peaks, such as fat crystal networks 
in shortening systems. Changes in phases, from liquid to solid, are typically indicated via melting 
and crystallization ranges rather than points. Calculations were made from melting profiles 
components: peak temperature, onset temperature, and enthalpy. These analyses provided 
information on (1) the quantity of solids generated through the enthalpy values, (2) the solid/liquid 
ratio of the crystal network formed as a function of time during melting, and (3) the melting range 
of the lipid network. Polymorphic forms were also identified using melting profiles (Litwineko 
2002).  
 All the oleogels, regardless of treatment, showed single broad exothermic and endothermic 
peaks. Table 3.2 shows the melting peaks observed for CS, RBX oleogel without HIU treatment, 
RBX oleogel with 1 minute HIU treatment, and RBX oleogel with 2.5 minute HIU treatment. 
Overall, the oleogels had a higher melting point compared to the CS. Within the oleogels, the 1 
minute HIU treatment had a statistically different (α ≤ 0.05) onset temperature, melting peak and 
enthalpy compared to the other oleogel treatments. A change in temperature in the DSC results 
suggested a structural difference within the crystal matrix of the crystal network. Further analysis 





3.3.1.3 Oil Binding Properties 
The natural tendency of oleogels in storage is to undergo phase separation. Due to the 
overall low wax solid concentration of oleogels (5% wt. RBX), the high liquid content causes 
separation of the liquid phase from the crystal matrix (Jana 2016). HIU was applied to oleogels to 
evaluate if this processing tool could help in stabilizing the crystal networks and therefore delay 
or reduce phase separation. Figure 3.2 suggested that applying HIU minimized phase separation 
over a 24 hour storage period at ambient conditions (24oC). This was determined by the mass of 
the collected liquid oil that leaked from the oleogel over time. Although, there was no significant 
difference in liquid oil loss between the two HIU treatment oleogels, the results indicated that HIU 
played a part in structuring the crystal network to retain the liquid oil within the oleogel system. 
HIU treatment reduced overall phase separation but it did not eliminate it.  
 
3.3.2 Application of HIU RBXO in Pie Crusts 
Plastic shortening plays a crucial role in pie crust and flaky pastry products. During the 
dough making process, fat portions remained solid in order for the characteristic flaky layers to 
form within the final baked product.  The function of fat was to tenderize and shorten gluten 
networks of the pie crust as well as to prevent sogginess. The solid fat content (SFC) profile of 
the pie crust shortening was similar to an all-purpose shortening, such as Crisco™ vegetable 
shortening, (Ghotra 2002) for good performance. The proteins in the flour had limited interaction 
with one another and the starch molecules had limited access to water. During baking, shortening 
participated in the formation of the numerous layers within the gluten/starch matrix. The 
composition and properties of fat affected the leavening level and the rise of dough product 
during baking. Therefore, dimensional and textural properties were determined. It was 





would be evident through the increase of the oil binding ability of the oleogel and overall ability 
to withstand the mechanical agitation of preparing a pie crust dough.  
 
3.3.2.1 Physical Changes in Pie Crust Properties 
In the hot oven, the gluten network set as it was baking, meanwhile, the fat component held 
the gluten structure in place until the temperature reached the melting point of the lipid resulting 
in liquid. The liquid lipid then functioned as a lubricant to the layers of gluten to create 
characteristic flaky and delicate texture of pie crusts (Zhong 2014). The water vapors caused the 
raw dough to lift as the temperature in the dough increased, causing aeration in the dough. It was 
imperative for the fat component to stay solid until the gluten/starch network formed; this created 
nuclei for steam accumulation and expansion. Crust height was a balance between steam expansion 
and gluten formation. Pie crust dimensional analyses indicated that pie crusts made with CS had 
the greatest lift and change in overall volume (Table 3.3).  Lift was calculated by the change in 
height from raw to finished product. Overall volume was the measurement of the length, width 
and height over the mass of the final product. Pie crusts prepared with both HIU treatments were 
not significantly different in overall volume than pie crust prepared with CS. When visually 
observing the pie crust, there was a visible difference in blistering and the thickness of the layers 
of dough (Figure 3.3). The physical characteristics of the pie crust prepared with CS include a 
golden color with a blistered surface. The interior flakes were pliable and delicate which causes 
them to easily break with minimal force. The pie crust made with liquid oil was dark brown in 
color and uniformly baked on the surface, unlike the CS pie crust, which showed irregularity in 
color due to the blistering. There were minimal to no distinct layers inside the pie crust, classifying 





varying factors across the HIU treatments were the % lift (Table 3.3). The RBXO pie crust without 
HIU treatment appeared to have distinct layers with minimal aeration causing a low lift.  Pie crust 
made with 1 minute HIU showed the most lift of all the pie crusts made with oleogels. The air cell 
density seemed uniform throughout the pie crust. Pie crust made with 2.5 minute HIU did appear 
to have a lift but they were not very uniform. Similar to the pie crust made with no HIU oleogel, 
the layers tend to collapse during baking, resulting in a lower overall lift. Visibly, there were 
differences between all the pie crust samples, yet there was no statistical difference in percent lift. 
The main reason for this was due to large variation in the pie crusts. Pie crusts were very difficult 
to repeat consistently, thus, multiple repetitions were conducted to decrease the overall variation.   
 
3.3.2.2 Pie Crust Texture Analysis 
 A three-point bending test was utilized in order to characterize the hardness and the overall 
work into breaking a pie crust. The fat type and HIU treatment affected the overall density of the 
final product, thus, it had a large effect on the overall physical composition of the product. This 
necessitated comparison of standard pie crusts made with liquid oil and CS. Pie crust made with 
liquid oil required the greatest amount of work (J) and force (kg) to break the pie crust (Figure 
3.4). The pie crust made with liquid oil created a compact and dense product (Figure 3.5). 
Whereas, CS took the least amount of overall work to break the pie crust, due to its aerated, layered 
arrangement. Upon observing the three-point bending analysis, there were many small fractures, 
indicating the high flakiness properties of the pie crust. Flakiness can be defined as the quantity of 
delicate layers or “flakes” separated by air pockets that surmise the product, causing a lightness to 
a pastry product (Brown 2015). Figure 3.6 depicted the various degrees of flakiness, ranging from 





with CS, there was minimal work and force to break the pie crust made with CS. CS was used as 
the ideal standard for a flaky pie crust. For pie crust made with RBXO and no HIU treatment, there 
was a great amount of work to break due to the compaction of the many distinct layers. The two 
HIU treatments did not show significant differences from each other in work and breaking force. 
Visually, it was apparent that HIU treated RBXO provided opportunities for flakiness in pie crusts 
whereas omitting HIU in RBXO caused the layers or “flakes” pie crusts to collapse during baking. 
The next step would be to understand subjectively if consumers recognize a difference between 
the HIU treatment RBXO or non-HIU treated. In addition, it would be important to recognize if 
consumers accept the oleogel produced pie crust and overall like the novel lipid as an alternative 
to CS.   
 
3.4 Conclusion 
Although low wax concentration was a major cause of phase separation due to weak crystal 
network formation, preparation methods can help form well-structured oleogels to prevent phase 
separation and provide optimal functionality in applications. To start, high wax ester composition 
in waxes such as RBX increase the strong crystal network formation. Thus, it was possible to 
create a continuous semisolid material using 5% wt. RBX without major phase separation. 
Although, with mechanical agitation or increased temperatures, phase separation cannot be 
avoided. Therefore, it was necessary to apply HIU, which is a novel processing technique, to 
reduce the sedimentation of the crystals in the oil solution and improve the overall stability of the 
oleogel. RBXO with 1 minute HIU overall produced a higher melting point, yet with a lower 
enthalpy to melt into a liquid than the oleogel created with 2.5 minute HIU application. Both 1 





promising functional properties with the aid of external factors to help structure and stabilize the 
oleogel. Moving forward, additional analyses and visual imaging must be conducted to fully 
understand the changes occurring in the crystalline network before and after HIU. It can be 
concluded that the first part of the hypothesis was accepted because the RBXO improved in oil 
binding capabilities and increased in b¢ content.  
Both HIU treated RBXO pie crusts were not significantly different from CS pie crusts for 
breaking work and final volume. The hypothesis was accepted because the 1 minute HIU treated 
RBXO and 2.5 minute treated RBXO do not show statistically different results from pie crusts 
made with CS. Based on the physical parameters, pie crusts made with HIU treated RBXO 
produces a similar product as pie crusts made with CS. Since pie crusts are a highly subjective 
product, consumer sensory tests must be conducted to capture a wide population’s acceptability of 
pie crusts created with RBXO, especially with HIU treatment. Altogether, this study shows great 
potential to for continuous investigation to involve a greater breadth of analysis on oleogels and a 
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3.6 Figures & Tables 
 
 
Figures 3.1 X-ray Diffraction (XRD) curves of CS and all oleogel treatments: (A) Commercial 
Shortening (Crisco™), (B) RBX Oleogel with no HIU treatment, (C) RBX Oleogel with 1 


















Figure 3.2 Oil Binding Capacity measured the quantity of liquid oil loss over 24 hours, measured 
every three hours in 24oC. Data reported are mean values and standard deviations of three 







































Figure 3.3. From left to right, top to bottom: Sagittal cut of pie crust made with (A) commercial 








Figure 3.4. Pie Crust Texture Analysis by the three-point bending technique. Results are 
meanvalues and standard deviations of 3-6 independent repetitions. Lower case superscripts with 


















Figure 3.6 Decreasing degrees of flakiness in pie crusts attributed to the type of fat and preparation 









Table 3.1. d-spacing measurements confirm β΄ polymorphic configuration in oleogels using 






 CS (control) 0 min HIU 1 min HIU 2.5 min HIU 
b¢, d-spacing -1 0.420 nm 0.417 nm 0.416 nm 0.415 nm 
b¢, d-spacing-2 
 0.379 nm 0.375 nm 0.374 nm 0.374 nm 
% b¢ 





Table 3.2 DSC melting profile of CS (Crisco™) and oleogel treatments with and without HIU 
application at 65oC. Samples were taken after 24 hours of storage at 4oC. 1,2 
Treatment To (oC) Tm (oC) DH (J/g) 
CS (Crisco™) 
38.9±0.23a 47.1±0.51a 15.25±1.95a 
RBXO w/o HIU 
 58.16±1.95
b 68.79±0.79b 10.81±1.68b 
RBXO 1 min. HIU 
63.23±0.51c 67.07±1.37c 8.50±1.81b 
RBXO 2.5 min. HIU 
 61.27±3.43
bc 69.68±0.52b 10.51±1.66b 
1 Results are mean values and standard deviations of three independent repetitions.  
2 Lower case superscripts with the same letter indicate that values are not significantly different 





Table 3.3 Measurements of final pie crust product using calipers and mass to calculate air cell 
density and lift (the % height increase of the pie crust after baking from the raw dough). Samples 
were measured 10 minutes after baking.1,2 
Treatment Pastry Volume 
(mg/mm)3 
Lift (%) 
CS (control) 0.5003±0.057a 178±13.91%a 
No HIU 0.3957±.009b 148±9.84%a 
1 min HIU 0.4839±0.081a 159±13.91%a 
2.5 min HIU 0.4043±.105ab 148±12.05%a 
1 Results are mean values and standard deviations of three independent repetitions.  
2 Lower case superscripts with the same letter indicate that values are not significantly different 














3.7 Supplementary Figures 
Figure 3.7.1 Differential scanning calorimetry thermographs for oleogel samples.  
a)   Rice bran wax oleogel (no HIU treatment) 
 







Figure 3.7.1 (cont.) 








Figure 3.7.2 X-ray diffraction graphs for oleogel samples 
a)   Rice bran wax oleogel (no HIU treatment) 
 






Figure 3.7.2 (cont.) 

















Figure 3.7.3 Texture Analysis (three-point bend test) for pie crust samples 
a)   Pie crust sample made with Crisco 
 






Figure 3.7.3. (cont.) 
c)   Pie crust sample made with rice bran wax oleogel 1 minute HIU treatment 
 
d)   Pie crust sample made with rice bran wax oleogel 2.5 minute HIU treatment 
 
